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This  report  has  been  reviewed  by  the  Information 
Officer  (10)  and  is  releasable  to  the  National 
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it  will  be  available  to  the  general  public,  including 
foreign  nations. 
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SECTION  I 


INTRODUCTION 

The  methods  used  to  accomplish  the  objectives  of  this 
report  will  be  detailed  in  subsequent  sections.  The  fore- 
most concepts,  however,  are: 

1.  to  assure  that  none  of  the  nondefinable  or  arbi- 
trary variables  are  highly  influential  upon  the  model 
predictions  and, 

2.  to  relate  flow,  pressure,  efficiency,  and  time 
predictions  made  by  the  models  to  similar  predictions  made 
by  other  models  and  observed  data. 

Comparison  between  literature  data  and  model  predictions 
may  be  somewhat  less  than  adequate  since  most  literature 
data  do  not  contain  all  variables  required  for  the  de- 
veloped water  filtration  models.  The  literature  data, 
however,  yield  valuable  comparative  trends  from  which  to 
draw  conclusions  about  the  proposed  models. 

is  not  proposed  that  the  models  developed  herein 
a rently  suitable  for  industrial  application.  In 

-77-01  and  77-02  this  model  was  proposed  as  first 
at  converging  current  design  procedures  to  their 
lying  common  theory.  Future  research  is  thus  necessary 
in  applied  research  and  data  evaluation  to  provide  the 
parameters  necessary  to  fully  evaluate  all  variables  in  the 
theory.  The  experimental  methods  for  determination  of  input 
data  are  available;  however,  these  methods  have  not  been 
routinely  applied  to  filtration  studies. 


SECTION  II 
DISCUSSION 

The  sand  filtration  model  developed  in  CEEDO-TR-77-2 
contains  a number  of  conventional  and  nonconventional  in- 
puts. Grain  size  distribution  of  the  sand  bed  has  long 
been  recognized  as  an  important  parameter  in  sand  filter 
design.  Studies  of  the  mechanisms  of  hydraulic  flow  in 
clean  sand  beds  have  been  the  subject  of  many  investiga- 
tions. (References  1-24).  The  relationship  between  sand 
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uniformity  and  pore  clogging  has  also  received  much  atten- 
tion. The  major  developments  gained  from  research  in  these 
areas  have  been  the  hydraulic  theory  and  the  empirical  data 
base  for  filter  performance.  Conversely,  data  inputs  re- 
quired for  efficiency  prediction  as  a function  of  suspended 
particle/fluid  characteristics  are  drawn  from  research  in 
aerosol  mechanics.  (References  25-39).  Thus  data  inputs 
required  in  both  research  areas  are  necessary  for  use  of  the 
proposed  model. 

Additional  data  required  is  common  to  both  the  water 
filtration  and  aerosol  mechanics  research  fields.  The 
major  analogous  inputs  include  flow  rate  and  filter  media 
depth.  Classical  water  filtration  models  depart  at  this 
point  to  empirical  observation  for  coefficients  to  predict 
filter  performance.  Some  of  these  models  vaguely  consider 
influent  water  quality  through  turbidity;  however,  turbidity 
is  an  obscure,  nonspecific  parameter  that  is  far  from 
satisfactory  as  a quantitative  measure  of  influent  sus- 
pended particle  characteristics. 

The  proposed  model  requires  a detailed  input  of  the 
characteristics  of  the  suspended  particles.  The  suspended 
particles  must  be  described  in  terms  of  concentration  per 
unit  volume  of  water,  mean  size,  size  distribution,  bulk 
packing  density,  and  discrete  particle  density.  These 
parameters  are  evaluated  in  a procedure  similar  to  that 
used  in  the  sand  bed  characterization.  Because  suspended 
particles  may  be  at  low  concentrations  in  the  fluid  and  be 
very  small  when  compared  to  the  sand  grains,  special  tech- 
niques may  be  required  to  fully  evaluate  the  necessary 
characteristics.  The  special  techniques  required  become 
more  sophisticated  as  the  mean  particle  size  decreases. 

The  methodology  of  these  techniques  has  already  been  docu- 
mented. (Reference  40). 

Since  the  pressure  drop  equation  for  air  filtration 
theory,  as  applied  to  water  filtration  systems,  is  similar 
to  the  classic  Carman-Kozeny  equation  from  which  most  of 
the  current  water  filtration  models  are  derived,  a detailed 
parameter  study  of  the  pressure  drop  expression  alone  is 
unnecessary.  (References  6,  7).  The  relationships  be- 
tween particle  load,  pressure  drop,  and  filter  efficiency, 
however,  do  require  a parameter  investigation  since  current 
water  filtration  models  depart  from  theory  at  this  point  and 
rely  upon  empirical  information. 
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The  proposed  water  filtration  model  applies  theoretical 
concepts  that  relate  flow,  pressure,  time,  and  efficiency. 
Representative  predictions  for  pressure  drop  as  a function 
of  time  for  a given  set  of  fluid,  particle,  and  media  con- 
ditions are  shown  in  Figures  1 and  2.  The  fluid  conditions 
indicated  on  the  figures  are  defined  as  v;ater  at  20°C  and 
flow  velocities  corresponding  to  2,  4,  and  6 gallons  per 
square  foot  per  minute  (0.1358,  0.2716,  and  0.4075  cm/sec). 
The  suspended  particles  are  defined  as  10  urn  on  Figures  1 
and  2.  The  fluid  conditions  indicated  on  the  figures  are 
defined  as  water  at  20°C  and  flow  velocities  corresponding 
to  2,  4,  and  6 gallons  per  square  foot  per  minute  (0.1358, 
0.2716,  and  0.4075  cm/sec).  The  suspended  particles  are 
defined  as  10  ym  on  Figure  1 and  20  .^m  on  Figure  2 mass 
mean  diameters;  the  other  particle  parameters  are  the  same 
for  both  figures.  These  include  log-normal ^standard  de- 
viation of  2.0,  a bulk  density  of  0.75  g/cm  , a discrete 
particle  density  of  1.5  g/cm^,  and  a concentration  of 
15  mg/1.  The  sand  bed  characteristics  for  both  figures  are 
constant;  these  characteristics  include  a log-normal  standard 
deviation  of  1.5,  a mass  mean  sand  grain  diameter  of  800  um, 
a bulk  density  of  1.10  g/cm  with  a maximum  bulk  density 
of  1.60  g/cm' , and  a sand  bed  depth  of  12.5  cm. 

As  one  would  expect,  the  pressure  drop  is  inversely 
proportional  to  both  mean  particle  size  and  flow  velocity. 
This  concept  is  evident  from  the  theory  developed  herein; 
however,  the  currently  used  water  filtration  models  pro- 
vide no  means  of  prediction  since  suspended  particles  are 
included  as  an  empirical  correction  factor.  The  shape  of 
the  curves  and  their  demonstrated  relationship  between 
particle  size  and  pressure  drop  further  substantiate  the 
belief  that  disparities  in  current  water  filtration 
theory  are  associated  with  subtle  changes  in  the  suspended 
particle  characteristics  of  the  filter  influent.  Although 
the  size  range  chosen  for  demonstration  in  Figures  1 and 
2 was  arbitrary,  substantial  evidence  in  the  literature 
shows  that  the  10  pm  to  30  pm  mass  mean  size  range  is 
typical  for  raw  natural  waters  and  sand  filter  influents 
after  standard  flocculation  and  sedimentation  water  treat- 
ment processes.  (References  15,  25,  27,  41). 

In  further  discussion  of  Figures  1 and  2 the  relation- 
ship between  slope  and  flow  rate  requires  evaluation.  One 
might  expect  that  a simple  linear  relationship  exists 
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Figure  1.  Pressure  Drop  as  a Function  ol  Filtration  Time  for  a Graded 
Media  Filtering  10  itn  li'ss  Mean  Diameter  Par'  icles 


TIME  (hours) 

Figure  2.  Pressure  Drop  as  a Function  of  Filtration  Time  for  a Graded 
Media  Filtering  20  iim  Mass  Mean  Diameter  Particles 


between  velocity  and  that  the  rate  of  pressure  drop  in- 
crease as  a function  of  time.  This,  however,  is  not  the 
case  because  the  efficiency,  as  determined  by  Fried  lander ' s 
modified  equation,  increases  as  velocity  increases.  (Ref- 
erences 34,  35).  Because  the  efficiency  is  increased,  the 
rate  of  filter  cake  formation  is  increased;  hence,  the 
rate  of  pressure  change  as  a function  of  time  is  also  in- 
creased. Because  the  efficiency  increase  as  a function 
of  velocity  is  nonlinear,  the  curves  cannot  be  super- 
imposed as  one  might  expect.  This  is  best  observed  on 
Figure  1 by  a comparison  of  the  low  and  high  velocity 
curves.  For  example,  for  the  low  velocity  curve  (0.1358 
cm/sec)  a pressure  loss  of  70  cm  of  water  is  observed  at 
10  hours  into  the  filter  run.  One  might  expect  that  for 
the  same  volume  of  water  at  the  high  flow  race,  which  is 
three  times  the  low  flow  rate  (0.4075  cm/sec),  the  same 
pressure  drop  should  be  obtained.  However,  by  referring 
to  Figure  1 it  is  found  that  at  3 hours  20  minutes  into 
the  cycle  (the  same  water  volume  as  the  low  flow  rate) 
the  pressure  drop  is  235  cm  of  water,  or  3 36  times  the 
expected  pressure  drop.  This  demonstrates  both  the  in- 
creased clean  filter  pressure  drop  and  the  increased 
efficiency  for  the  early  hours  of  the  filter  run;  both 
are  caused  by  the  increased  flow  velocity.  The  recogni- 
tion of  these  relationships  permits  a design  engineer  to 
trade  off  energy  requirements  against  desired  effluent 
water  quality  and  unit  size. 

Though  Figures  1 and  2 relate  the  concept  of  flow 
velocity,  filtration  time,  and  pressure  drop,  the  true  . 

behavior  of  efficiency  as  a time  function  is  difficult  to  » 

perceive.  A more  straightforward  method  for  describing 
the  effect  of  filtration  time  for  a given  system  upon 
efficiency  is  presented  in  Figure  3. 

Two  components  within  a sand  filter  contribute  to 
filter  efficiency;  (a)  the  sand  bed  and  (b)  the  suspended 
particle  cake  that  forms  at  the  sand  surface.  This  con- 
cept of  filter  efficiency  versus  time,  as  shown  in  Figure 
3,  illustrates  both  the  increase  in  efficiency  with 
formation  of  the  suspended  particle  cake  and  the  effect 
of  sand  size  gradation  upon  the  filter  pressure  drop  and 
efficiency.  Because  the  sand  used  to  determine  the 
characteristics  of  Figure  3 has  a high  log-normal  standard 
deviation,  there  is  very  little  penetration  of  suspended 
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P’igure  3.  Graded  Media  Filter  Efficiency  as  a Function  of 
Time  for  10  urn  and  20  |im  Mass  Mean  Diameter 
Particles 


particles  into  the  sand.  This  is  shown  by  the  low  in- 
crease in  bed  efficiency  with  time;  however,  the  filter 
cake,  composed  of  suspended  particles  on  the  first  sand 
layer,  yields  a rapid  increase  in  filtration  efficiency 
as  a function  of  time.  This  demonstrates  the  effect  of 
normally  graded  sand  or  points  out  the  potential  benefit 
of  reverse  graded  filter  media.  If  reverse  graded  filter 
media  were  used,  the  upper  reaches  of  the  filter  bed 
would  be  the  least  efficient  and  increase  the  degree  of 
suspended  particle  penetration  of  the  filter  media.  This 
occurrence  would  be  demonstrated  by  a reduction  of  the 
slope  for  cake  efficiency  and  an  increase  in  slope  for 
the  graded  media  efficiency  as  a function  of  time  in 
Figure  3.  The  described  reverse  graded  media  would  also 
be  indicated  in  Figures  1 and  2 through  a reduction  in 
the  slope  of  all  pressure  versus  time  functions. 

Average  filtration  run  efficiency  has  great  influence 
upon  the  specific  deposit  term,  ■ , used  by  classical  water 
filtration  models.  This  term  is  defined  for  classical 
water  filtration  theory  as  the  ratio  of  the  average  voids 
ratio  of  the  filter  at  any  time  to  the  voids  ratio  of  the 
clean  filter  bed.  Thus,  if  suspended  particle  load  and 
flow  volume  are  known,  the  specific  deposit  (o)  can  be 
calculated  as  a function  of  filter  efficiency.  Figure  4 
predicts  the  average  filter  run  efficiency  as  a function 
of  time  for  the  10  um  and  20  ym  suspended  particle  mass 
mean  sizes  for  the  same  filter  conditions  used  in  Figures 
1 through  3.  The  end  of  each  line  represents  the  average 
cycle  efficiency  reached  when  pressure  loss  across  the 
filter  exceeds  400  cm  of  water  at  20°  (400  cm  of  water  at 
20°C  = 13.12  ft  of  water  at  68°F) . As  discussed  with 
respect  to  Figure  1 when  the  flow  rate  is  increased,  the 
mass  of  suspended  particles  filtered  per  unit  time  is  also 
increased.  This  occurrence  is  predicted  by  the  inertial 
term  of  the  modified  Friedlander  efficiency  equation.  This 
factor  is  best  illustrated  by  the  20  urn  suspended  particle 
curve  on  Figure  4 at  the  high  flow  rate.  The  rate  of  in- 
crease in  filtration  efficiency  with  this  particle-flow 
combination  is  high  while  the  volume  of  filtrate  is  also 
large  in  comparison  to  the  20  yiu  particle  at  the  lower 
flow  rate.  This  means  that,  at  50  hours  into  the  filter 
run,  the  |iigh  flow  20  ;jm  mass  mean  size  has  filtered 
4.88  X 10*  of  the  fluid  at  an  average  efficiency  of  98.5 
percent  while  its  counterpart,  the  low  flow  20  pm  mass 
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mean  size,  has  filtered  only  2.44  c 10  cm  of  fluid  at  an 
average  efficiency  of  94.8  percent.  In  addition,  the  high 
flow  filter  has  reached  400  cm  of  pressure  drop  at  50  hours 
the  low  flow  filter  has  an  additional  20  hours  before  it 
reaches  its  400  cm  pressure  drop;  however,  because  the 
penetration  of  the  bed  is  less  with  the  slower  rate  filter, 
the  total  filtrate  after  70  hours,  when  it  reaches  the 
400  cm  pressure  drop,  is  only  3.42  x 10'  cm  or  only  70 
percent  of  the  total  volume  of  the  high  rate  filter. 

This  type  of  comparison  made  by  a design  engineer 
would  indicate  that  for  the  same  maximum  pressure  loss, 
a higher  flow,  smaller  filter  would  yield  a higher  quality, 
less  expensive  product.  Figure  4 provides  an  excellent 
sample  of  how  more  theoretically  oriented  filter  designs 
could  yield  great  advantages  to  the  water  industry  and  to 
the  design  engineer.  The  reason  is  straightforward  be- 
cause with  current  filtration  design  techniques  the  filter 
would  have  been  designed  at  the  low  flow  rate  which  cor- 
responds to  the  rule  of  thumb  - two  gallons  per  minute  per 
square  foot  (gpm/sq  ft)  and  not  the  higher  rate  which  is 
two  times  that  loading. 

The  Carman-Kozeny  (References  6,  7)  relationship  has 
been  shown,  by  many  previous  investigations  (References 
1-4,  11-14,  42-53),  to  be  a reasonably  accurate  measure- 
ment of  the  hydraulic  characteristics  of  a clean  graded 
media  if  tie  characteristics  of  the  media  are  properly 
described.  It  has  also  been  shown  that  when  the  media  is 
used  to  filter  a water  laden  with  suspended  particles, 
the  hydraulics  continue  to  be  predictable  if  the  specific 
surface  relationship  in  the  Carman-Kozeny  (References  6,  7) 
equation  can  be  determined  experimentally.  The  problem 
with  current  water  filtration  models  lies  in  their  failure 
to  consider  the  change  in  filter  bed  characteristics  from 
the  standpoint  of  the  suspended  particle-fluid  suspension; 
this  has  been  the  primary  parameter  developed  and  studied 
in  this  paper.  As  demonstrated  by  Figure  1 through  4 the 
mass  mean  particle  size,  distribution,  and  the  rate  of 
flow  are  predictable  and  realistic  in  their  effect  upon 
filter  efficiency  and  pressure  drop. 

Because  there  has  been  little  interest  in  filter 
efficiency  in  the  literature  and  the  methods  used  currently 
by  water  filtration  theory  do  not  require  suspended 
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particle  size  information  for  their  headloss  predictions, 
little  data  are  available  incorporating  all  of  the  re- 
quired information  for  model  validation.  Model  validation 
must  thus  be  performed  by  alteration  of  the  prediction 
parameters  in  the  air  filtration  theory  for  water  applica- 
tion . 

Many  of  the  headloss  theories  in  filtration  are  pre- 
sented in  terms  of  the  ratio  of  headloss  at  tir.ic  t to 
initial  headloss  plotted  as  a function  of  o,  the  specific 
deposit.  Most  water  models  assume  that  o is  uniform 
throughout  the  bed  penetration  depth.  In  reality,  a con- 
centration gradient  of  particles  must  exist;  thus,  o is 
actually  an  average  term  for  the  penetration  depth.  Using 
this  definition  and  the  air  theory  for  water  application 
model,  the  value  of  o in  the  context  of  water  researchers 
can  be  calculated: 

C j u t 

o = — ^TA  (i) 

PBC 


where  is  the  specific  deposit,  Cj  is  the  suspended  par- 
ticle concentration  of  the  influent,  u is  the  filtration 
velocity,  t is  time,  is  the  sand  bed  thickness,  is 

the  bulk  density  of  the  sand  bed,  and  nipa  is  the  average 
filter  efficiency  at  time  t into  the  filter  run.  The  head- 
loss  ratio  is  the  ratio  of  the  headloss  at  some  time  in 
the  filter  run  to  the  headloss  of  the  clean  sand  bed  for 
a constant  velocity.  This  ratio  can  be  calculated  at  any 
time  during  the  filter  run  by  the  proposed  water  filtration 
model . 

Using  the  headloss  ratio  and  specific  deposit.  Figure  5 
was  developed  to  compare  current  water  filtration  models 
to  the  proposed  water  filtration  model.  The  hatched  area 
in  Figure  5 indicates  the  range  of  headloss  predictions 
made  by  the  various  classical  models  considered.  (Refer- 
ences 5,  14,  54-56).  The  filter  media  used  for  the  pre- 
dictions was  assumed  to  be  800  urn  mass  mean  sand  grain 
diameter  with  a log-normal  standard  deviation  of  1.5.  The 
flow  rate  was  assumed  to  be  0.1358  cm/sec  (2.9  gpm/sq  ft). 
All  of  the  above  assumptions  were  made  by  previous  in- 
vestigators (References  5,  14,  54-56)  and  their  respective 
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predictions  presented  in  the  literature  as  plots  of  head- 
loss  ratio  as  a function  of  specific  deposit.  Thus  the 
hatched  area  in  Figure  5 represents  the  breadth  of  pre- 
dictions made  by  classical  models  for  the  above  stated  fil- 
tration conditions. 

The  above  discussed  classical  models  do  not  require 
specific  data  with  respect  to  the  suspended  particles;  they 
require  only  nonspecific  descriptions  of  the  water  quality 
such  as  turbidity.  For  this  reason  no  data  were  obtained 
by  these  investigations  (References  5,  14,  54-56)  with 
respect  to  suspended  particle  size  or  size  distribution. 

For  the  same  reason  typical  values  of  mass  mean  particle 
size  were  assumed  with  a log-normal  standard  deviation 
of  2.0.  The  particle  sizes  used  in  the  headless  predictions 
as  well  as  the  distribution  of  sizes  were  typical  values 
from  the  literature  (References  15,  25,  29,  41)  for  natural 
waters  of  flocculated  and  settled  water  treatment  plant 
effluents . 

Examination  of  Figure  5 reveals  that  the  rate  of  pres- 
sure drop  increase  is  inversely  proportional  to  particle 
size.  This  is  the  expected  result  because  smaller  particles 
tend  to  form  less  porous  cake  structures.  The  middle  ground 
for  predictions  made  by  the  current  water  filtration  theory 
indicates  a mass  mean  particle  size  range,  if  predicted  by 
the  new  model,  to  be  between  10  pni  and  20  ..m.  Although 
suspended  particle  size  determinations  were  not  made  by 
the  investigators  proposing  the  headless  equations  that 
form  the  hatched  area  in  Figure  5,  there  is  substantial 
evidence  in  the  literature  that  the  suspended  particles, 
in  most  natural  waters  and/or  micro-floc  carryover  from 
chemical  pretreated  process,  fall  in  the  general  mass  mean 
size  range  between  10  urn  and  20  urn.  The  indirect  conclusion 
that  can  be  drawn  from  Figure  5 is  that  a model  which  con- 
siders the  influent  suspended  particle  characteristics  is 
at  least  as  valid  as  the  current  water  filtration  models. 
Because  this  model  predicts  the  relationship  between 
pressure,  flow,  time,  and  efficiency  from  the  basic  char- 
acteristics of  the  system,  great  benefits  could  be  accrued 
from  its  use  in  the  design  of  filtration  systems  for 
atypical  waters. 

Current  water  filtration  design  models  are  not  con- 
cerned with  efficiency.  Therefore,  data  to  this  end  arc 
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normally  not  directly  associated  with  filtration  research. 
For  this  reason  the  best  available  data  characterizes  the 
media,  suspended  particles  (to  various  degrees),  and 
efficiency,  but  unfortunately  it  does  not  relate  pressure 
drop  and  time.  However,  if  it  is  assumed  that  the  valida- 
tion presented  by  Figure  5 is  sufficient  to  indicate  a 
reasonable  relationship  between  particle  size  and  pressure, 
time,  flow,  and  efficiency  and  if  it  is  further  assumed 
that  the  Carman-Kozeny  pressure  drop  equation  is  reasonably 
accurate,  then  inferences  with  respect  to  efficiency  from 
data  that  does  not  contain  headloss  information  can  be  made. 

Tables  1 through  8 present  filter  efficiency  data  for 
graded  media  filter  systems  from  studies  presented  in  the 
literature  (References  57-61).  These  data  consider  graded 
media  systems  that  use  sand,  anthracite,  and  spherical 
glass  media  components  to  filter  a variety  of  fluid/parti- 
cle suspensions.  Particle  size  and  distribution  character- 
istics for  the  suspensions  were  not  given  by  the  investi- 
gators whose  data  comprise  the  tables;  however,  a consis- 
tent set  of  characteristic  values  was  used  for  each  par- 
ticle type  (i.e.,  iron  floe  and  alum  floe).  Furthermore, 
the  values  assumed  are  in  the  range  of  those  described  by 
previous  investigators  (References  15,  25,  27,  41)  as 
typical  for  the  suspensions  under  consideration.  These 
typical  values  were  used  for  both  the  iron  and  alum  floe 
particles.  Although  the  predictions  of  the  new  model  are 
not  always  precise,  all  cases  in  Tables  1 through  8 agree 
to  a reasonable  degree.  The  comparisons  made  in  these 
tables  seem  to  indicate  the  validity  of  the  model  and  show 
promise  for  its  use  as  a filtration  design  tool. 

In  addition  to  the  data  presented  in  Tables  1 through  8, 
efficiency  data  from  the  virus  removal  literature  were  also 
analyzed.  (Reference  57).  Although  the  predictions  made 
by  the  model  in  these  areas  were  sometimes  reasonable,  it 
was  determined  that,  because  the  virus  particles  are  vir- 
tually mono-dispersed,  mono-changed,  and  in  the  sub-0.1  urn 
size  range,  any  conclusions  with  respect  to  removal  effi- 
ciency would  be  conjecture,  due  to  the  increased  electro- 
phoretic effect.  A possible  future  research  area,  however, 
could  consider  collection  efficiency  in  this  range,  modi- 
fying the  Friedlander  equation  to  consider  electrophoretic 
mobility. 
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T.\]’.L!:  1.  COMPARISON  OP  1,1  TP RATPRP.  DATA  PROM  REPPRPN'CE  61 
POR  SAND  Pri.TRATION  PPPIC I P.VCV  WITH  PREDICTIONS 
PROM  THIS  IXVESTICATION  POR  NO.N-SPHERl  CAP  SAND  PARTI  CPPS 


Invest ignt ion  Reference  61  This  Investigation 


Ma  t e r i a 1 

Pilter  depth  (cm) 

Porosity  of  material 
Spheric  ity 

Filtration  rate  (cm/sec) 
Temperature (°C) 

Sand  Bod:  mass  mean  size  (pm) 

Log-normal  standard  deviation 
Type  of  suspension 
Suspended  particles: 

Mass  mean  size  (pm) 

Log-normal  standard  deviation 
Concentration  influent 
ConetMit  rat  i on  effluent 
Piltir  efficiency  ( %) 

Piltriti('ii  time  (min) 


Sand 

Sand 

2.86^ 

2.90^ 

0.41^ 

0.41*’ 

0.86*’ 

l.OO*’ 

0.347“'’ 

0.  347*’ 

20.0^ 

20.0*’ 

700.0^ 

700. 0^ 

1.0^ 

1.0*’ 

Iron  floc^ 

Iron  floc^ 

d 

30.0*’ 

d 

2.0^ 

2.8^  (mg/1) 

2.8*’  (mg/1) 

2. 15^  (mg/1) 

1.84’’  (mg/1) 

22 . 3^ 

34.  3^’ 

10^ 

10*’ 

■’measured  by  this  or  referenced  investigation 
^assumed  by  this  or  referenced  investigation 
*^predicted  by  this  investigation 
^not  reported  by  referenced  investigation 


rABI.!:  2.  COMPARISON  OF  LITERATURE  DATA  FROM  REFERENCE  59 
FOR  SAND  FILTRATION  EFFICIENCY  WITH  PREDICTIONS 
FROM  THIS  INVESTIGATION  FOR  723  um  MASS  SAND  SIZE 


Investigation  Reference  59  This  Investigation 


Material 

Sand 

Sand 

Filter  depth  (cm) 

76.2*^ 

Porosity  of  material 

0.41^ 

b 

0.41 

U 

b 

Sphericity 

0.86 

1.00 

Filtration  rate  (cra/sec) 

0.347'’’ 

b 

0.347 

Temperature  C^C) 

a 

b 

20.0 

20.0 

Sand  bed:  mass  mean  size  (um) 

723.0® 

b 

723.0 

Log-normal  standard  deviation 

1.51^ 

b 

1.51 

Type  of  suspension 

Alum  floc^ 

Alum  floe'’ 

Suspended  particles: 

Mass  mean  size  (iim) 

d 

b 

10.0 

Log-noraml  standard  deviation 

d 

b 

1.8 

Concentration  Influent 

2.5'’  (JTU) 

2.5'’  (mg/1) 

Concentration  effluent 

0.2^  (mg/1) 

0.16^^  (mg/1 

Filter  efficiency  (%) 

92.  o'’ 

b 

93.7 

Filtration  time  (min) 

615® 

b 

600 

^measured  by  this  or  referenced  investigation 
^assumed  by  this  or  referenced  Investigation 
^predicted  by  this  investigation 
*^not  reported  by  referenced  investigation 
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TABI.1-;  3.  COMPARISON  OF  LITERATURE  DATA  FROM  REFERENCE  59 
FOR  SAND  FILTR/VnON  EFFICIENCY  WITH  PREDICTIONS 
FROM  THIS  INVESTICATION  FOR  170  pm  MASS  MEAN  SAND  SIZE 


t • 
4 


Investigation 

Reference  59 

This  Investigation  | 

Material 

Sand 

Sand 

Filter  depth  (cm) 

a 

76.2 

76.2^ 

Porosity  of  material 

0.41^ 

0.41^ 

Sphericity 

1.00^ 

Filtration  rate  (cm/sec) 

0.347^ 

0.347^ 

Temperature  (°C) 

20.0^ 

20.0^ 

Sand  bed:  mass  mean  size  (pm) 

170.0^ 

170.0^  ' 

Log-normal  standard  deviation 

1.66^ 

1.66^ 

Type  of  suspension 

Alum  floc^ 

Alum  floc^  i 

Suspended  particles: 

Mass  mean  size  (pm) 

d 

10. 

Log-normal  standard  deviation 

d 

2.1>^ 

Concentration  influent 

2.3^  (JTU) 

2.  s'’  (mg/1) 

Concentration  effluent 

0.39^  (tng/1) 

0.50^  (mg/1) 

Filter  efficiency  (Z) 

83.0^ 

c 

78.3  i 

Filtration  time  (min) 

204^ 

240^^ 

^measured  by  this  or  referenced 

investigation 

^assumed  by  this  or  referenced 

Investigation 

^predicted  by  this  investigation 

^not  reported  by  referenced  investigation 
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TABLi;  4.  COMPARISON  OF  LITERATURE  DATA  FROM  REFERl'NCF.  60 
FOR  SAND  FILTRATION  EFFICIENCY  WITH  PREDICTIONS 
FROM  THIS  INVESTIGATION  FOR  0.347  cm/sec-  FILTIUTION  ILVI’E 


Invest igat ion 

Reference  60 

This  investigation 

Material 

Sand 

Sand 

Filter  depth  (cm) 

121.92^ 

121.92*^ 

Porosity  of  material 

0.43"^ 

0.43*’ 

Sphericity 

0.86^ 

1 .oo'’ 

Filtration  rate  (cm/sec) 

0.347^ 

0.289'’ 

Temperature  (°C) 

20.0^ 

20.  o'’ 

Sand  bed:  mass  mean  size  (pm) 

100.0^ 

1000. o'* 

Log-normal  standard  deviation 

1.0^ 

i.o'’ 

Type  of  suspension 

Iron  floc^ 

Iron  floe'’ 

Suspended  particles: 

Mass  mean  size  (pm) 

d 

30. o'’ 

Log-normal  standard  deviation 

d 

o 

CM 

Concentration  influent 

3.4^  (mg/1) 

3.5'’  (mg/1) 

Concentration  effluent 

0.05^  (rag/1) 

0.0497*’  (mg/1) 

Filter  efficiency  (%) 

98.51^ 

98.58*’ 

Filtration  time  (min) 

1068^ 

IO80'’ 

4 

^measured  by  this  or  referenced  investigation 
'’assumed  by  this  or  referenced  investigation 

i 

^predicted  by  this  investigation 

I . 

I °not  reported  by  referenced  investigation 
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TAHI.i;  5.  COMPARISON  OP  l.iTKRATL'RP  DATA  FROM  RFFERPNCP  61 
FOR  SAND  FILTRATION  FFFICIFNCY  WITH  PREDICTIONS 
FROM  nils  INVESTIGATION  FOR  SPHERICAL  SAND  PARTICLES 


Invest  I gat  ion 

Reference  61 

This  Investigation 

Material 

Sand 

Sand 

Filter  depth  (cm) 

2 . 

2.86^ 

Porosity  of  material 

0.  37^ 

0. 37b 

Sphericity 

1.00^ 

1.00'’ 

Filtration  rate  (cm/sec) 

0. 347^ 

0. 347^ 

Temperature  (°C) 

20.0^ 

20.0^ 

Sand  bed:  mass  mean  size  (um) 

700.0^ 

700.0^ 

Log-normal  standard  deviation 

1.0^ 

1.0'’ 

Type  of  suspension 

Iron  floc^ 

Iron  floc^ 

Suspended  particles: 

Mass  mean  size  (um) 

d 

30.0’^ 

Log-normal  standard  deviation 

d 

2.0t> 

Concentration  influent 

2.2^  (mg/1) 

2.2^  (mg/1) 

Concentration  effluent 

1.45‘^  (mg/1) 

1.45^^  (mg/1) 

Filter  efficiency  (%) 

34.  1® 

34.  1^ 

Filtration  time  (min) 

4^ 

4b 

^measured  by  this  or  referenced  investigation 
^assumed  by  this  or  referenced  investigation 
'^predicted  by  this  investigation 
^not  reported  by  referenced  investigation 
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T/\BLH  (1.  COOTARISON  OF  LITERATURE  DATA  FROM  REFERENCE  59 
FOR  S/VND  FILTRATION  EFFICIENCY  WITH  PREDICTIONS 
FROM  THIS  INVESTIGATION  FOR  660  urn  MASS  MEAN  SAND  SIZE 


Investigat ion 

Reference  59 

This  Investigation 

Material 

Sand 

Sand 

Filter  depth  (cm) 

1^.2^ 

76.2 

Porosity  of  material 

0.  37^ 

0.  37 

Sphericity 

o 

o 

1.00 

Filtration  rate  (cm/sec) 

0. 3A7^ 

0.  347 

Temperature  (°C) 

20.0^ 

20.0 

Sand  bed:  mass  mean  size  (pm) 

660.0^ 

660.0 

Log-norme^  standard  deviation 

1.43^ 

1.43 

Type  of  suspension 

Alum  floc^ 

Alum  floe 

Suspended  particles: 

Mass  mean  size  (pm) 

d 

10.0 

Log-normal  standard  deviation 

d 

1.8 

Concentration  influent 

2.4^  (JTU) 

2.4  (mg/1) 

Concentration  effluent 

1.2ia  (mg/1) 

0.358  (mg/1) 

Filter  efficiency  (%) 

91.2^ 

85.  1 

Filtration  time  (min) 

453^ 

480.0 

Measured  by  this  or  referenced  investigation 
^assumed  by  this  or  referenced  investigation 


T.\15U:  7.  COMPARISON  OF  LITERATURE  DATA  FROM  REFERENCE  59 
FOR  SAND  FILTRATION  EFFICIENCY  WITH  PREDICTIONS 
FROM  THIS  INVESTICATION  FOR  1 f>94  i.m  lUSS  MIL^N  SIZE 


Invcstigat ion 
Material 

Filter  depth  (cm) 

Porosity  o£  material 
Spericity 

Filtration  rate  (cm/sec) 
Temperature  (°C) 

Sand  bed:  mass  mean  size  (um) 

Log-normal  standard  deviation 
Type  of  suspension 
Suspended  particles: 

Mass  mean  size  (tm) 

Log-normal  standard  deviation 
Concentration  influent 
Concentration  effluent 
Filter  efficiency  (%) 

Filtration  time  (min) 


ReferL'nce  59  This  Investigation 


Sand 

Sand 

lb. 2^ 

76.2^ 

0.b\^ 

0.51*^ 

0.63"^ 

1.00^’ 

0.3A7^ 

0.347^ 

20.0^ 

20.0*’ 

1694“'^ 

1694*’ 

1.76^ 

1.76*’ 

Alum  floe 

Alum  floe*’ 

d 

10.0*’ 

d 

2.1*’ 

2.6^  (JTU) 

2.6**  (mg/1) 

0.40^  (mg/1) 

0.24^=  (mg/1 

84 . 6'’’ 

90.8^ 

300.0^ 

300.0*’ 

‘^measured  by  this  or  referenced  investigation 
'^assumed  by  this  or  referenced  investigation 
^predicted  by  this  investigation 
'^not  reported  by  referenced  investigation 


T.\15I,H  8.  COMPARISON  OF  LITER,\TURE  DATA  FROM  REFERENCE  60 
FOR  SAND  FILTRATION  EFFICIENCY  WITH  PREDICTIONS 
FROM  THIS  INVESTIGATION  FOR  0.289  cm/sec  FILTRATION  RATE 


Investigation 

Reference  60 

This  InvestigatL 

Material 

Sand 

Sand 

Filter  depth  (cm) 

121.9^ 

121.9*’ 

Porosity  of  material 

0 . 

0.54*’ 

Sphericity 

0.63^ 

1.00*’ 

Filtration  rate  (cm/sec) 

0.289^ 

0.289*’ 

Temperature  (°C) 

20. 0'"^ 

20.0*’ 

Sand  bed:  mass  mean  size  (pm) 

1000^ 

1000*’ 

Log-normal  standard  deviation 

1.0^ 

4.0*’ 

Type  of  suspension 

Iron  floe® 

Iron  floe*’ 

Suspended  particles: 

Mass  mean  size  (um) 

d 

30. 0*" 

Log-normal  standard  deviation 

d 

2.0*’ 

Concentration  Influent 

3.5®  (mg/1) 

3.5*’  (mg/1) 

Contration  effluent 

0.08®  (mg/1) 

0.02^  (mg/1) 

Filter  efficiency  (%) 

97.7® 

99. 7^^ 

Filtration  time  (min) 

1524® 

1560*’ 

^measured  by  this  or  referenced  investigation 
*^assumed  by  this  or  referenced  investigation 
•^predicted  by  this  investigation 
•^not  reported  by  referenced  investigation 
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Parameters  and  data  have  been  evaluated  for  the  sand 
filtration  model  derived  from  water  and  air  filtration 
theory.  It  has  been  shown,  as  presupposed,  that  the  physi- 
cal characteristics  and  concentration  of  the  suspended  par- 
ticles are  influential  in  the  performance  of  graded  media 
filters,  with  respect  to  the  relationships  between  pressure, 
flow,  time,  and  efficiency.  Furthermore,  data  with  respect 
to  the  hydraulic  characteristics  and  filter  efficiency  have 
been  presented  that  substantiate  the  merit  of  the  proposed 
model.  The  model  requires  further  testing  before  confi- 
dence can  be  placed  in  all  aspects  of  its  performance.  It 
is  felt,  however,  that  the  foundation  for  a new  approach 
for  sand  filtration  modeling  has  been  built. 
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CONCLUSIONS 


The  use  of  combined  air  and  water  filtration  theory  has 
been  considered  by  this  investigation.  Theoretical  concepts 
from  aerosol  mechanics  were  successfully  modified  for  use 
in  water-oriented  systems.  From  these  concepts  a filtra- 
tion model  was  proposed  to  predict  the  interrelationship 
between  flow,  pressure,  time,  and  efficiency  for  graded 
media  water  filters.  These  models  were  subsequently  tested 
from  the  standpoint  of  their  interrelated  parameters  and 
their  applicability  to  filtration  data  in  the  literature. 

The  proposed  sand  filtration  model  demonstrated  a 
potential  to  predict  the  relationship  between  flow,  pressure, 
time,  and  efficiency.  Data  validation  of  this  model  indi- 
cated that  its  predictions  were  within  the  range  of  pre- 
dictions made  by  classical  water  filtration  models  for 
typical  data  ranges.  It  was  further  shown  that  the  new 
model  could  adequately  predict  filter  efficiency  for  a 
wide  range  of  fluid/particle  suspensions  and  filter  media 
described  in  the  literature.  It  was  concluded  that  the 
new  model  offered  a twofold  advantage  over  classical  models 
in  that  it  (a)  considers  the  suspended  particles  quantita- 
tively and  (b)  it  can  predict  the  filter  efficiency. 
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